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INTRODUCTION

This project focuses on defining how salmon thrombin can serve as a novel biomaterial to
simultaneously reduce pain, while also promote hemostasis and wound healing subsequent to neural
trauma. Broadly, the objectives of studies under this project were to quantitatively define the
biochemical and cellular mechanisms by which salmon thrombin may be responsible for alleviating pain
and to test if, and how, salmon thrombin can achieve a reduction in pain from painful nerve injury. This
research project utilizes biochemical, in vitro, and in vivo approaches to define mechanisms of action
and to evaluate effects of salmon thrombin on mitigating pain responses. We hypothesized that
differences in the catalytic activities between human and salmon thrombin and differences in immune
cell activation, make salmon thrombin effective at reducing pain while also promoting wound healing
and neuronal survival after neural trauma. Work under this project has focused on measuring rates of
proteolysis of thrombin substrates by human and salmon thrombin, quantitatively comparing cellular
activation by human and salmon thrombin, measuring cytokine production by mammalian inflammatory
cells in response to human and salmon thrombin, quantifying effects of thrombin treatment on cellular
mechanics, and evaluating recovery, pain responses and cellular mechanisms with thrombin
formulations in an in vivo model of painful nerve trauma. In the first year of this project we made good
progress on all studies and met the timeline of activities and milestones that were laid out in the
approved statement of work. The details of those efforts were previously summarized in detail in the
annual report submitted in the Fall of 2011. In April 2012, we submitted a request for no-cost-extension
of the project activities, which was granted in July of 2012. Since our last report of progress, we
continued to make substantial progress in all areas, including publishing work from Aims 1 and 3, as
well as focusing primarily on the in vivo studies under Aims 4 and 5. During the period of this award,
we presented our findings at several national meetings related to basic science, clinical groups and
military health services, have applied for funding from other mechanisms using this work as pilot data,
and have several publications and several more due to be submitted based on the work completed under
this project. We are poised now to continue to investigate our initial hypothesis in more detail and with
more specific grounding, based on this Hypothesis Development Award.

BODY

Since our last report we have made substantial progress on all Tasks and have met the milestones
proposed in the approved statement of work. We have presented/published our work in a variety of
venues and continue to do so. In this portion of the report we include those methods and results in detail
that were not previously summarized in our last annual report and that have not been reported or
included in other publications. Where applicable, we refer to those publications, abstracts and
presentations; the abstracts and presentations are provided in the Appendix. A primary goal of this work
was to study how human and fish thrombin differ enzymatically in order to understand why the pain
response with treatment from each species is different. As such, coordinated studies using in vitro and in
vivo approaches were performed in this project. We structure this section of the report to provide an
overall summary of each task, followed by a more-detailed report of the relevant data and findings.

The GANTT chart below summarizes the specific tasks that were associated with each aim
across the entire project period under the approved statement of work. Before providing a detailed
summary of the research findings, we indicate the current status of each activity to provide an overview
of the research activities completed and the remaining activities. For all activities, we have completed
the experiments and analysis and the remaining activities are limited to publication in only a few Aims
(Milestone #6). Of note, the original Tasks related to the microfluidics for macrophage migration studies
(Tasks 3d and 3e) were redirected to focus on defining the activation responses (mechanical and
inflammatory) of astrocytes since that work is more-relevant and meaningful given the findings from our
studies to date on inflammation and pain [Dong & Winkelstein 2010; Rothman & Winkelstein 2010;
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Dong et al. 2013; Smith et al. submitted]. This modification was previously addressed in our prior
approved report. Further, the macrophage responses are complemented by studies of blood-spinal cord
barrier breakdown in the in vivo studies under Aims 4 and 5.

TASK | Q1 [ Q2 | Q3 [ o4
TASK 1 — Aim 1: Proteolysis studies

la. Acquire thrombin completed | \
1b. Define protease activation completed

lc. Data analysis & integration completed
1d. Milestone #2—Publish findings completed
TASK 2 — Aim 2: Cell activation studies (in vitro)
2a. Establish cell cultures & test
thrombin concentrations

2b. Perform activation assays completed

2c. Data analysis & integration \ completed
2d. Milestone #4—Publish findings Studies completed & publication in 2013
TASK 3 — Aims 3 & 4: Cytokine (Aim 3) & Macrophage migration (Aim 4) studies (in
vitro)

3a. Test thrombin concentrations &
optimize time points

3b. PCR & IHC assays for day 3 &
day 7

3c. PCR & IHC assays for 6 hr &
day 1

3d. Set-up thrombin gradient
techniques

3e. Macrophage migration studies & modified for in vivo
3f. Data analysis & integration \ completed

3g. Milestone #5—Publish findings completed

TASK 4 — Aims 4 & 5: Behavioral studies (in vivo)

4a. Milestone #1-Obtain
regulatory approval for rat studies
4b. Acquire thrombin completed
4c. Milestone #3—Identify
thrombin concentrations for rat completed
studies
4d. Perform day 14 rat studies completed
4e. Perform day 3 & 7 rat studies \ completed
4f. THC assays & analysis (rat) completed
4g. Analysis of rat data \ ongoing
4h. Milestone #6 — Submit planned publications in early
publication (rat studies) 2013

completed

completed

completed

completed

completed

Task 1

Work under Task 1 corresponds to Aim 1 which had the main goal of evaluating the proteolysis
rate of human and salmon thrombin. Thrombin is a serine protease that cleaves fibrinogen to form fibrin,
but it also is responsible for many of the cascades that cause pain and inflammation and stimulates
inflammatory cytokine production. Activation of those cascades occurs primarily through the cleavage
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of PARs, or protease activated receptors which are G-protein coupled receptors. As detailed in our prior
report, there are four PARs —1 ,2, 3 and 4; thrombin can cleave PARs 1, 3 and 4. The PARs are self-
activating, so when thrombin cleaves them near the N-terminal the remaining end acts as a tethered
ligand that then activates the PAR. There is also a second thrombin receptor site which is a hirudin-like
site, which is present on PARs 1 and 3.

In our prior report we summarized activities under Tasks 1a and 1b to evaluate if there are
enzymatic differences between salmon and human thrombin. The kinetics of protease activation were
tested using fluorogenic synthetic substrates that mimic the thrombin receptors. Details of those methods
are provided in our publications in the Appendix [Oake et al. 2011; Smith et al. 2012a] and in the paper
we recently submitted to Molecular Pain [Smith et al. 2012]. For the PARI1 peptide at 37 degrees,
human thrombin was found to cleave the peptide faster than fish thrombin. When quantifying the rate of
cleavage for each of the PARs tested, it was found that the rate of cleavage for human thrombin is
significantly (**p=0.01) faster than for salmon thrombin [Oake et al. 2011; Smith et al. 2012a]. PAR3
and PAR4 were also tested, but the rate of PAR4 cleavage was so slow that any difference was
undetectable using this approach; no difference was observed between species in PAR3 cleavage rate
[Oake et al. 2011; Smith et al. 2012a].

Thrombin activity, as measured by fibrinogen | A s Figure 1.
cleavage rate, was inhibited by hirudin and antithrombin SRR
III (ATII) in separate studies, for both species of | § 4
thrombin (Figure 1) but with different dose-dependence. | & & ) ~5 weken
Salmon thrombin retains significantly (p<0.0001) more %éﬂf
activity than human thrombin overall, as evidenced by a ';E ® 27
faster fibrinogen cleavage rate over a range of |°£€ .| = N\g f T To--___
[hirudin]/[thrombin] ratios (Figure 1A). Specifically, -

salmon thrombin exhibits a significantly (*p<0.002) 0
faster fibrinogen cleavage rate at ratios of 1 and 1.5
(Figure 1A). In contrast to the differential inhibition by
hirudin, there is no difference in the reduction of human
and salmon thrombin activities by human antithrombin
III (ATII) (Figure 1B). Taken together, hirudin inhibits
salmon less effectively than human thrombin but ATIII
inhibited both salmon and human thrombin equally
[Smith et al. 2012b].

Synthesizing (Task 1c¢) these collective results we
have been able to develop several conclusions and
reported (Task 1d; Milestone #2) them in the 3
presentations (see Appendix) and in 1 submitted 0 10 20 30 40
manuscript [Smith et al. 2012b] (#2, #3, #6, #8 in [ATIN] (nM)
Bibliography). Salmon thrombin hydrolyzes peptides
mapping the PAR1 cleavage sequence at slower rates than human thrombin, suggesting that salmon
thrombin may be less efficient at activating cellular PAR1. This cleavage data suggests there to be an
inherent difference in PAR1 cleavage rate between these species that may also be related to the
difference in their effectiveness of attenuating pain. In many physiological systems thrombin can initiate
dual signaling cascades at least partially based on the type of proteins that are coupled to the activated
receptor or the degree of PAR1 activation [Dale & Vergnolle, 2008; Ma & Dorling, 2012]. For example,
PARI1 activation by thrombin in endothelial cells can induce vascular protection or vascular leakage
depending on which sphingosine 1-phosphate (S1P) receptor PAR1 is coupled to, SIP; or SIP; [Ma &
Dorling, 2012]. Within the nervous system, PAR1 agonist concentration seems to be more important for
the subsequent signaling; low concentrations of PARI-AP decrease levels of phosphorylated ERK
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(pERK), a marker of cellular trauma, whereas high concentrations increase pERK expression,
suggesting that high concentrations may amplify trauma [Gao et al. 2009; Shavit et al. 2011]. In our
studies, salmon thrombin cleaves PAR1-like peptides slower than human thrombin for both the PAR1
cleavage sequence and the cleavage sequence plus a hirudin-like domain [Smith et al. 2012b]. Previous
studies show that salmon and human thrombin are equally efficient at cleaving peptides based on the
human fibrinogen cleavage site [Michaud et al. 2002]; our findings study agree with prior reports. Since
PARI is activated slower by salmon thrombin than human thrombin it is possible that salmon thrombin
mitigates cellular trauma following nerve root injury while human thrombin may exaggerate trauma.
Although PART1 activity is different between salmon and human thrombin it is possible that other
receptors also are partially responsible for the effects observed here. For example, the activation of
thrombin-cleavable PAR4 via a PAR4 activating peptide (PAR4-AP) in cultures of primary sensory
neurons attenuates intracellular calcium responses [Asfaha et al. 2007]. It is possible that salmon
thrombin activates PAR4 more readily than human thrombin, also contributing to its analgesic
properties. In our studies, differences in affinity for various molecules was observed between the two
species of thrombin, including the PARI1 cleavage sequence, the PAR1 cleavage sequence with a
hirudin-like domain, and the thrombin inhibitor hirudin which suggests that there may also be
differences in their affinities for other molecules [Smith et al. 2012b]. Future studies inhibiting the
action of the PARs after nerve root injury would provide further information on whether this and other
PAR receptors contribute to the analgesic properties of salmon thrombin. Nonetheless, the results from
this study indicate that PARI1 activation rate may be a key contributor to the analgesic and anti-
inflammatory actions induced by salmon thrombin, which are not exhibited by human thrombin.

Task 2

Work under Task 2 corresponds to Aim 2 with the main goal of evaluating if there is a
difference in the activation of cells involved in pain in vitro due to stimulation by human and salmon
thrombin. We use primary neurons and astrocytes obtained by standard methods from rodents. Under
Task 2a we established methods for culturing and stimulating isolated astrocytes and mixed cultures of
astrocytes and neurons. We evaluated cellular activation in response to thrombin alone and with
thrombin treatment following an inflammatory stimulus. Activation was assayed by quantifying changes
in cell shape and area and GFAP expression for astrocytes, using routine methods of fluorescence. For
proliferating cells, cell counts were performed using DAPI. For both human and salmon, thrombin
concentrations were varied between 1U/ml and 10U/ml. Cells were routinely observed for morphologic
changes and cytokine production for up to 7 days under these conditions. Based on cytokine production
for each concentration, the 10U/ml actually induced increases in IL13 while the 1U/ml resulted in
decreased inflammatory response. Further, cells were stimulated using both substance P (a common
mediator of nociception) and LPS (a common initiator of inflammation in experimental studies) [Chung
& Benveniste 1990; Miyano et al. 2010; Loram et al. 2011]. From those studies that were previously
summarized in our prior annual report, it was determined to use a 1U/ml concentration of both human
and salmon thrombin in subsequent studies.

Mixed cultures of astrocytes and neurons were used for studies in Task 2b and have been
previously described in our last report. Cells are plated onto poly-Llysine-treated (PLL; Sigma-Aldrich;
St. Louis, MO) T75 tissue culture flasks (Fisher Scientific, Inc.; Pittsburgh, PA) at a concentration of
1x10s cells/ml. Media was changed every 3-4 days. After 13 days in vitro (DIV), cells are released from
the flasks with trypsin at 37°C. After 5 minutes, enzymatic activity is stopped with serum containing
media and cells are centrifuged at 1000 rmp for 5 minutes. Cells are resuspended and plated onto 114
PLL-coated glass bottom dishes (MatTek Corp.; Ashland, MA) at a concentration of 1x10° cells/ml.
Cultures are allowed to stabilize at 37°C in 5% CO2 for 7 days with media changes every 3-4 days prior
to any stimulation or treatment. Since in the last report, we summarized our studies of mixed
astrocyte/neuron cultures that were stimulated with lipopolysaccharide (LPS) at day 0 at a concentration
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of 1 ng/mL, we provide only a brief summary of those findings here. In the mixed culture of astrocytes
and neurons, LPS stimulation increases PGE2 production by approximately 1.2-fold at both day 2 and
day 7. LPS stimulation also reduces the astrocyte perimeter by 20% compared to the unstimulated
control, indicating activation of astrocytes (Figure 2).

Based on those studies ) day 2
with LPS, we also administered |l_F1Zure 2.
salmon thrombin at a
concentration of 1 pg/ml in
mixed neuronal-astrocytic | LFS

cultures that had been stimulated
by LPS and probed for PARI
expression at 1 hour and 1 day
after treatment. PAR1 expression
decreases within 1 hour of
stimulation, but is returned to
control levels when thrombin is
given, further supporting the
hypothesis that salmon thrombin
provides anti-inflammatory
effects (Figure 3).

Extending that work, we
evaluated the rate of cleavage of
the PAR1 wusing the in vitro
cultures. Human and salmon [ | BT, g s
thrombin were given at the same [
doses as above and PARI LPSHhr
expression was assayed at 15  p=0.002
minutes and 30 minutes. The )
number of cells positive for 1=4 per group; LPS concentration 1gif; salmon thrombin concentration Uil
PAR1 was found to be
significantly greater (p=0.001) for salmon Figure 4.
thrombin than human thrombin at 15 minutes |
(Figure 4), supporting the findings that salmon
thrombin cleaves the PAR1 N-terminus slower
than human thrombin (Task 1; Figure 1).
Together, all of these findings were the basis of
a larger study that was recently accepted in the
Journal of Neurotrauma [Dong et al. 2013; #7
in Bibliography].

In order to extend work defining cell
activation, we also implement atomic force
microscopy (AFM) to define the cellular mechanics of astrocytes in response to thrombin treatment. The
experimental conditions were the same as those described above, with astrocyte cultures treated for 30
minutes with thrombin (either salmon or human) and then rinsed 3 times with PBS. There is mounting
evidence that as astrocytes become activated their stiffness is also altered; AFM enables the
measurement of cellular modulus. We determined that there is a significant difference (p=0.01) in the
stiffness of astrocytes treated with human thrombin compared to untreated controls (Figure 5), while
treatment with salmon thrombin does not modify cellular stiffness. These findings are indeed quite
exciting as they may provide an explanation for some of the in vivo results we observe under Task 4.
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As we proceed with analyzing these in vitro studies and the in vivo studies under Task 4g, we expect to
incorporate these AFM results in the manuscript we are preparing for submission in early 2013 (#9 in

Bibliography) 12000 - -
Task 2c¢ includes the data analysis Figure 5.

and integration across Tasks in this Aim 1, 10000 - * Ountreated

and as described above is almost complete. 8000 - ®human

Task 2d involves the publication of this = almon

work and is expected in the next few :J;- 6000

months. Parts of these findings have been 4000 -

published and presented in several podium

presentations and submitted papers (see 2000 +

Appendix; #6, #7, #8 in Bibliography). 0 :

Task 3

Work under Task 3 corresponds to Aims 3 and 4 of the proposal and focused on quantifying
cytokine production in response to thrombin stimulation, at early time points in the in vitro studies of
Aim 2. Cytokine production in astrocytes was measured in response to human and salmon thrombin
using PCR to define message levels and ELISA to quantify inflammatory mediators implicated in pain.
We evaluated TNFa and IL1f because of their known roles as pro-inflammatory agents, and their ability
to induce pain [DeLeo & Yezierski 2001]. Under Task 3a, we had proposed to establish the cultures and
optimize the proposed time points for assessment. We originally proposed to probe responses at 6 hours,
day 1, day 3, day 7 after stimulation, but following pilot studies, we in our last report we revised those
assessment points to 1 and 24 hours since the cytokine cascade is regulated early and the in vivo studies
in Aim 5 will capture the later responses. Accordingly, under Tasks 3b and 3¢, we performed PCR and
ELISA at these time points. In our last report, we detailed findings from studies in which cells were
stimulated by 100nM substance P and treated 1 day later with 1U/mL of either human or fish thrombin.
Briefly, the amount of IL-1p in the supernatants from the astrocyte cultures was lower (to nearly one-
third) for treatment with the fish thrombin compared to the human thrombin (p=0.037). However, after 1
day in culture, the fish thrombin was also less active than the human thrombin (p=0.0003). These data
suggest that the reduced astrocytic inflammatory response to fish thrombin may be caused by the
reduced activity of fish thrombin or by the slower proteolysis rate of fish thrombin on PAR1. Those data
were included in the publication at the Annual Meeting of the Biomedical
Engineering Society (BMES) in October 2011 [Oake et al. 2011] (sec [ e
Appendix). This same significant relationship was observed in cultures of 20 m
astrocytes alone and in mixed astrocyte-neuronal cultures. Additional
studies were performed to assess PARI mRNA in spinal cells at two early
time points following painful nerve root trauma. The specific details of
those methods are included in the abstract that presented this work at the
American Society of Mechanical Engineers Summer Bioengineering
Conference in June 2011 (ASME-SBC) [Smith et al. 2011b] (see
Appendix). In summary, those data indicate that decreases in PAR1 mRNA
relate to pain and can be regulated early on following the injury. Upon
further investigation, we also were able to localize PAR1 expression in
both neurons and astrocytes in our cultures (Figure 6). Since that time, we
expanded the group sizes and reported that work at the Military Health
System Research Symposium in August 2012 (see Appendix; #4 in
Bibliography).

We also performed additional dose resposne studies with thrombin treatment at different doses to
evaluate effects on IL-6 production (Figure 7) [Smith et al. submitted]. The concentration of IL-6 protein
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in the supernatants of mixed cortical cultures was significantly (p<0.0001) increased when the cultures
were treated with human thrombin as compared to salmon thrombin (Figure 7). Further, cultures treated
with human thrombin released significantly (p<0.0363) more IL-6 than cultures treated with salmon
thrombin at each individual thrombin concentration of 0.2, 0.5 and 1 U/ml (Figure 7).

Assessments of macrophage migration were
originally proposed in studies under Tasks 3d and 3e. Of 2500 - Figure 7.

note, we elected to evaluate integrity of the blood brain 2 2000

barrier in the in vivo studies as a more relevant metric of | + —&—human
cellular migration since that will provide a more | E 1500 - —o salmon
comprehensive understanding of the consequences of 2 4000 -

such changes in vivo and in the context of pain behaviors. S 500

These studies (Task 3e) are included in work under Task
4, accordingly. Also, Task 3f was removed as per the 0 ' ' ' ' '
review detailed in our prior report. Since the main goal is 0 0z 04 06 08
to evaluate these responses in the context of pain such in [thrombin] (U/mi)
vivo assessments will provide more added value than
simple migration assays in Vvitro.

Tasks 3f and 3g include the data analysis and integration as well as the publication of this work
and is completed as described above. To date, parts of the findings under this Aim were published and
presented at several meetings and in already submitted and planned manuscripts (see Appendix; #4, #6,
#8, #9, #10 of Bibliography).

Task 4

Work under Task 4 corresponds to Aims 4 and 5 which utilizes an in vivo model of traumatic
nerve injury in the rat. Specific sub-tasks of those Aims were the primary effort over the last period of
this project. As previously reported, Tasks 4a-4c were completed during the prior reporting period and
Tasks 4d-4f have been ongoing in the last period. We obtained regulatory approval from both the
University of Pennsylvania and USAMRMC, in August 2010 and September 2010, respectively (see
Appendix for approval letter from Penn IACUC). In addition, it was determined based on the in vitro
studies, that thrombin would be used at a concentration of 1U/ml for all in vivo studies (Task 4c).

Rats underwent a transient painful compression of the right C7 dorsal nerve root [Smith et al.
2012b; Syre et al. 2012]. Briefly, surgical procedures were performed under inhalation anesthesia with
the rat in the prone position (4% isoflurane for induction, 2% for maintenance). An incision was made
from the base of the skull to the T2 spinous process. A hemilaminectomy and partial facetectomy were
performed on the right side of the C6/C7 spinal levels in order to expose the right C7 dorsal nerve root.
The nerve root was compressed for 15 minutes with a calibrated 10 gram-force microvascular clip
(World Precision Instruments, Sarasota, FL). Following clip removal, any blood was cleared from the
compressed nerve root and 20 pl of either salmon (salmon, n=6) or human (human, n=6) thrombin (2
U/ml in neurobasal media) was added to the nerve root. A separate control group received a vehicle
treatment (vehicle, n=6) of 20 ul of only the neurobasal media. Wounds were closed with polyester
suture and surgical staples. Rats were allowed to recover in room air under continuous monitoring.

Behavioral sensitivity was assessed in the forepaw by measuring mechanical allodynia on days 1,
3, 5 and 7 post-injury. Allodynia was also measured for each rat before any surgical procedures to
establish baseline responses. Prior to each testing session rats were placed in elevated cages with mesh
bottoms and allowed to acclimate for 15 minutes. Mechanical allodynia was measured by stimulating
the plantar surface of the forepaw on the side ipsilateral to the root compression, using 1.4 and 4 gm von
Frey filaments (Stoelting Co., Wood Dale, IL). Testing sessions consisted of three rounds of 10
stimulations to each paw, separated by a 10 minute rest period. A positive response was considered as a
paw withdrawal and was often accompanied by licking or shaking of the paw. The number of paw
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withdrawals in a session were counted for each rat and averaged within groups for each day. A repeated
measures analysis of variance (ANOVA) with Tukey’s
test was used to determine statistical differences between 1.4g
groups overall and on individual days for each testing
filament.

Mechanical allodynia in the ipsilateral forepaw of
rats that received a painful nerve root compression with
vehicle treatment of neurobasal media is significantly
elevated over baseline responses on all days for testing
with the 4 g von Frey filament (p<0.0001) and at day 1 )
using the 1.4 g filament (p=0.006) (Figure 8). A single o 1 2 3 4 5 6 71
administration of salmon thrombin is sufficient to post-operative time (day)
significantly reduce (p=0.004 for 1.4 filament; p=0.0004
for 4 filament) allodynia compared to vehicle for both 0. 49 o vehicie
von Frey filament strengths. Further, allodynia responses N ~8=human
are significantly (p<0.002) different between salmon and -0 salmon
vehicle treatments on days 5 and 7 when testing with a 4 4
g von Frey filament (Figure 8). In contrast,
administration of human thrombin does not modify
mechanical allodynia after injury on any post-operative
day compared to vehicle (Figure 8). Rats treated with e
human thrombin exhibit mechanical allodynia that is a2+ 2 3 4 5 6 7
significantly elevated over the salmon thrombin group Figure 8. | Postoperative time (day)
overall (p<0.0004) and on each post-operative day
(p<0.036).

Additional  studies  using 100 Osham
separate rats (n=4 each group) 80 - ENB media

.. . |injury

measured neuronal activity in the B hurman thrombin
spinal cord (Figure 9) and suggest a Bsalmon thrombin
reduction also in neuronal activity

following salmon thrombin treatment.
We continue to analyze those data,
together with the
immunohistochemical data from these
same studies for insight into the
mechanisms by which salmon thrombin attenuates pain. Although these data were recently presented at
2 scientific meetings [Syre et al. 2012; Smith et al 2012a] (see Appendix; #5, #6 in Bibliography), the
in-depth analyses (under Task 4g) are ongoing since there is a large amount of data generated. We
anticipate submitting 2 more manuscripts from these analyses in early 2013 (Task 4h; Milestone #6).
Further, these pilot data from early in vivo studies under this project formed the basis of a proposal for
continued funding from the Cervical Spine Research Society, that we were successful in obtaining
funding (see Funding Applied For below).
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=0 salmon
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Figure 9.
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KEY RESEARCH ACCOMPLISHMENTS

e Established relevant culture systems for assaying thrombin effects on inflammation.

e Determined that both salmon and human thrombin decrease TNFa and IL13 mRNA, but
salmon thrombin produces a more robust and significant decrease in astrocytes than does
human thrombin.
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o Established methodology and identified relevant substrates for studying enzymatic activities
of PARs.

e Determined that salmon thrombin cleaves PAR1 at a slower rate than human thrombin.

e Identified that the slower rate of cleavage by salmon thrombin may be due to its lower
affinity for hirudin.

e Determination that PAR1 is associated with pain and neural trauma and appears to be
regulated in activated immune cells in response to painful trauma.

e Identification that the modifications in PAR1 occur very early following its exposure to
thrombin.

e Determined that salmon thrombin does not modify astrocyte cell stiffness whereas human
thrombin does.

¢ Anti-inflammatory treatment that attenuates pain also modulates PAR1 expression in vivo.

e Determination that salmon thrombin given at the time of injury eliminates the development
of pain in vivo, in association with attenuating spinal hypersensitivity.

REPORTABLE OUTCOMES
Bibliography of Published Manuscripts & Abstracts (see Appendix for Abstracts & Slides of Presentations)

1.  Smith JR, Rothman SM, Janmey PA, Winkelstein BA. Spinal PAR1 mRNA Levels are
Regulated by Mechanical & Chemical Cues in Painful Nerve Root Compression. ASME
Summer Bioengineering Conference, #SBC2011-53084, Nemacolin, PA, June 2011.

2. Oake SA, Smith JR, Janmey PA, Winkelstein BA. Distinct Effects of Human and Salmon
Thrombin on the Inflammatory Response of Mammalian Astrocytes. BMES Annual
Meeting, #Sat-1-2-C, Hartford, CT, October 2011.

3. Smith J, Rothman S, Black J, Winkelstein BA. Spinal PAR1 mRNA Expression Decreases
Early After Painful Nerve Root Injury with Inflammation. BMES Annual Meeting, #Sat-1-
5-A, Hartford, CT, October 2011.

4.  Smith JR, Weisshaar CL, Janmey PJ, Winkelstein BA. Salmon Thrombin Treatment
Reduces Protease Activated Receptor 1 Expression Following Painful Nerve Root Injury.
Military Health System Research Symposium, #12-141, Ft. Lauderdale, FL, August 2012.

5. Syré P, Smith JR, Nicholson KJ, Welch WC, Janmey PA, Winkelstein BA. Salmon
Thrombin Leads to Decreased Spinal Cord Responsiveness in Painful Radiculopathy. 24"
Annual Pan Philadelphia Neurosurgery Conference, Philadelphia, PA, December 2012.

6.  Smith JR, Nicholson KJ, Syré P, Janmey PA, Winkelstein BA. A Novel Bioengineered
Biomaterial to Treat Painful Neural Trauma via Modified Thrombin Activity for Improving
Neuronal Function and Treating Pain. Cervical Spine Research Society Annual Meeting,
Chicago, IL, December 2012.

7.  Dong L, Smith JR, Winkelstein BA. Ketorolac reduces spinal astrocytic activation and
PARI1 expression associated with attenuation of pain following facet joint injury. Journal
of Neurotrauma, to be published 2013.

8. Smith JR, Oake S, Weisshaar CL, Cruz K, Bucki R, Baumann B, Janmey PA, Winkelstein
BA. Salmon and human thrombin differentially regulate radicular pain and inflammation
through differences in their rate of cleavage of the protease-activated receptor-1. Molecular
Pain, submitted.
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9.  Smith JR, Syré P, Nicholson KJ, Janmey PA, Winkelstein BA. Salmon thrombin attenuates
spinal hypersensitivity in association with reduced inflammation and pain following nerve
root injury, fo be submitted Spring 2013.

10. Smith JR, Janmey PA, Winkelstein BA. Blood-spinal cord barrier response after
neuropathy is modulated by salmon thrombin in association with attenuation of pain and
neural repair, to be submitted Spring 201 3.

Funding Applied for Based on Work by this Award

1. Jenell Smith, graduate student on this project applied for and received a Student Travel Grant
Award from GAPSA at Penn to present the poster presentation for #1 above, 2011.

2. Collaborative Research Grant from Comprehensive Neuroscience Center at Penn in 2011 —
not funded.

3. 21% Century Grant Award from Cervical Spine Research Society — funding provided
($75,000) to implement additional electrophysiology assessments in vivo with thrombin
treatment to investigate the neuronal functional responses as follow-on funding in 2012.

4. NIH grant application planned for submission Feburary 2013, using the data in this report as
pilot data for that application.

List of Personnel Receiving Pay from this Award
1. Dr. Beth Winkelstein
2. Dr. Paul Janmey
3. Dr. Raz-Ben Arouch
4. Ms. Jenell Smith

CONCLUSION

Salmon thrombin as a biomaterial has a long shelf-life and can be easily deployed in wounds
with little-to-no medical expertise. Considering these advantages, together with the results of the studies
completed already, salmon thrombin has tremendous promise for rapid translation to provide major
benefit for alleviating pain. We hypothesized that differences in the catalytic activities between human
and salmon thrombin, and differences in the spectra of cell types that are activated by this protein,
render salmon thrombin effective at reducing chronic pain. Studies completed under this award
support our original hypothesis and have importance in moving forward. Among the major
findings of importance include the fact that salmon thrombin decreases mRNA and protein for two pro-
inflammatory cytokines involved in pain, TNFa and IL1f3, more robustly than human thrombin does in
astrocytes, which are known regulators of pain. A second major important finding is that salmon
thrombin cleaves PAR1 at a slower rate than human thrombin and that this thrombin receptor is also
associated with pain. Also, the lower affinity for hirudin that was found for salmon thrombin compared
to human may explain the slower cleavage rate for salmon thrombin. Most importantly, perhaps, are the
findings from the in vivo pain model. Salmon thrombin treatment reduces pain behaviors, spinal
hypersensitivity, inflammation, and PAR1 expression. These findings are quite novel and have
tremendous implications for both hemostasis and pain. In addition, they establish a strong and exciting
foundation for future in vivo and in vitro studies to better define the specific cellular and biochemical
mechanisms responsible for attenuating inflammation, neuronal injury and pain.
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We made only minor changes to our Work Plan from the original proposal, as approved in our
last annual report. The collection of other studies (both in vitro and in vivo) removed the need for the
macrophage migration studies originally proposed under Tasks 3d and 3e. We believe such an
undertaking would indeed have been unnecessary and would have detracted from the exciting in vivo
experiments that were carried out under our no-cost-extension of this project. We have evaluated the
macrophage response in our studies using salmon fibrin treatment and found them to be highly variable
[Weisshaar et al. 2011]. Under this project, we have been very productive, having produced 10
publications and/or abstracts and have successfully received additional follow-on funding and plan to
apply for more, based on the promising data that were obtained while evaluating our hypothesis.

Current methods to alleviate pain from neural trauma are limited in effectiveness, are sedative,
and are not easy-to-use in combat field conditions. Accordingly, there is a tremendous and immediate
necessity for the development of novel approaches to treat trauma injuries that enable pain management
and can provide early treatment at the point and time of injury. Findings to date on this project indicate
that this product — a salmon thrombin biomaterial — provides very rapid (within 15 minutes) regulation
of the cascades that are involved in clotting and that it also mediates inflammatory and possibly
nociceptive processes. In addition, the new knowledge regarding the cleavage rates and hirudin binding
differences that we have uncovered between these two species can have far-reaching basic science
implications as well. This material product has a long shelf-life and can be easily deployed in wounds
with little-to-no medical expertise. Taking that information together with the findings from our research
under this award, this biomaterial has tremendous promise for rapid translation to provide major benefit
to the military should these studies show promise for alleviating pain. We are very encouraged by the
findings in this project and are excited to continue to pursue studies further defining the anti-
inflammatory and pro-survival pathways of salmon thrombin for pain relief and neural tissue healing.
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APPENDIX

Oake SA, Smith JR, Janmey PA, Winkelstein BA. Distinct Effects of Human and Salmon Thrombin
on the Inflammatory Response of Mammalian Astrocytes. BMES Annual Meeting, #Sat-1-2-C,
Hartford, CT, October 2011.

Distinet Effects of Human and Salmon Thrombin on the Inflammatory Response of Mammalian
Astrocytes

5 A Oake', )R Smith, P. A Janmey', and B. A, Winkelstein'

"iniversity of Pennsylvania, Philadelphia, PA

Introduetion: Thrombin inhibition has the potential to prevent the neurodoxic responses that can be caused by bocal merepses
n cledimg factors after trmumatic neural e damage [1,2], Theombin inggers cellular responses by achivating protease
activated receptors (PARs), of which thrombin can cleave three of the four wdentified subtypes (PAR 1, 3. 43, Thrombin
cleavage of PAR 1 and PAR 3 15 strongly awded by the hinudin-like sequence of the extracellularly exposed N-terminal [3],
Thrombin activation through these PARs m gha, including astrocyies, propagates miflammation and can lead to pain [1.4].
However, blocking the activity of endogencus thrombin can lead to uncontralled bleeding which makes it also desirable to
reduce the inflammatory effects of thromban while maintaining its nommal functions n coagulation. The effects of thrombin
om coagulation, milammation, and pam evolved separately and engage diffenent substrates, Coagulation is strongly preserved
between mammals and fish; the reaction of human ceagulation proteins with human and selmon thrombin are nearly
indistinguishable [3,6], In contrast, mechamzms of inflammation and nocicepdion are highly divergent between mammals and
fish |§], suggesting that salmon thrombin might have distinet effects on mammalian milammatieon. This siedy companed the
activity of human and fish thrombm by measuring the proteclysis rates of PARs, the mbabition of thrombin by hiredin, and
efferis of thromban treatment on the mflammatory response of astrocyvics.

Materials and Methods: To quantily proteolysis rates, the imdweated Muorogenie peptide and thrombin were mixed and the
change of flusrescenes intensity, which comesponds to cleavage, was recorded. Human and fish thrombin activities were first
made equal by normmalizing the cleavage rate of a pephide sequence comesponcing 1o fibrinogen. Peplide sequences
corresponding to the thrombin cleavage sites in PAR 1, 3 and 4 were functionalized with -AMC flusrogenic groups (Abgent),
Hirwdin binding affinty to thrombin was quantified by measuring eleavage of the fbrinogen-hased substrate after addition of
varving ratios of himudin to thrombim, £ vitro studies used primary astrocytes harvested from Sprague-Dewley rat pup brains
{E 18} and prepred for culture (JACTC -approved). After 14 days in oulture, oells wene stomulated by 1040 nh Substance P and
trented | day Ister with 1TMmL of either human or fish thrombin, Supematants were collected 1 day lnter and IL-1P
cobcentration was quantified using ELISA. Thrombin sctivity in those supernatants was alzo quantified using the fbrinogen
peptide, Dhfferences between human and fish thrembim were compared using (=iests,

Results and Discussbon: Al physiological temperature (37°C), fish thrombin cleaves PAR] approximately 3 times slower
than human thremban (p=0.0013) Cleavage rotes of PARY and PAR4 were not
diffesent. Fish thsombin binds hirudin half as strongly as homan thrombin at s
hirudin’thrombm ratie of 1 (p=0000%} and one-third s well at a oo of 13
(p=001 13 (Figure 13, In addition, the amound of 1L-1P i the supematanis from the
astrocyie culiunes was alse Jower (o nearly one-third) for treatment with the fish
ihrombin compared io the human thrombin (p=0.037). However, atter 1 day m
culture, the fish thrombin was also less active than the human theembin {p=0, 0003,
These datn suggest that the reduced gstrocytic mflammatory response to fish
thrombin may be cansed by the reduced activaty of Gish thromban or by the slower
proteolysis rate of fish thrombim on PAR L. The slower PAR | proteclysis taie may
be partially explained by fish thrombin's lower affinity for hindin compared w | Figure 1. Cleavage of fibrinogen
human thrombin, since the hirudin-like sequence of PAR] is largely related o its | (Muorescenceftime) by fish
activation 1], thrombin = significantly  less
Conchusions: The reduced inflammatory response by cultured asirocytes to fish | strongly impaired by hirodin than
thrombin compared to human thrombin may be related to the lower protenlysis rate | human  thrombin at [Hirl/[Thr]
of PAR] by fish thrombin compared to human. Fubure work is needed 1o quantity | rafies of 1 and 1.5

PAR cleavage m vitro and defime the time course of these modifications as related
o indlammeaticn.

Acknowledgemenis: Support from a DO grang (W8 TXOWH-10-1-1002) and an Ashten Fellowship,

References: [1] Suo Z et al. Cwer Drig Targets Tnflawnn Alleray 2004, 3:105-14. [2] Kwbo Y et al. JJ Newrodrauma 2000,
[7:163-T2, [3] Coughlin . Naure 2000, 307:258-64, [4] Wang H et al. Glig 2002, 37:53-63, [3] Michaud 5 et al. Trowh
Hes 20072, 107:245-54. [6] Doolittle B .5 Dueate fmmun 2011, 3:9-16.
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Smith J, Rothman S, Black J, Winkelstein BA. Spinal PART mRNA Expression Decreases Early After
Painful Nerve Root Injury with Inflammation. BMES Annual Meeting, #Sat-1-5-A, Hartford, CT,
October 2011.

Spinal PART mRMNA expression decreases early after painful nerve root injury with inflammation

J. Smith', 5. Rothman', 1. Black', and B. A. Winkelstein'

||..|||i'|1.'r.~='i[:. of Pennsvlvamia, Pholadelphaa, PA

Introductbon: Meural trauma not enly induces tssee damage and bleeding but alse mmates o local inflammatory response
for repair, High concentrations of chiting Tactors, such as thrombm, are present 1o promate healimg, Thrombim eleaves
protesse fargeds including the protease schvated recepiors (PARs) which leads (o the release of elotting and mflammiatory
factors [1]. PAR activation m plateletz 1z well defmed, but only recently has the expression of the PAR subivpes been
confirmed for spimal neurons and ghia [2,3]. Activation of thrombin-cleaved spinal PAR= by injection of thrombin mduces
beth thermal and metle sensitvity, inphicating the role of these receptors i pain [4,5], Although there 5 growing evidence
ihat PARs are invelved in pain, 11 18 not known whether ihe spanal expression of these receptors 18 affecied by pambul neural
injury. The sbjective of this siudy was to measure PART and PARS mENA levels in the spinal cond at early time pomits after
twn ditferent poinful nerve reot mjunes invelving neural compressien and milamomation,

Materials and Methods: Sepatoie groups of Heltzman mis underwent a panful C7 nerve root mjury [6.7] (LACTRC
approy e q_'n::-|1|]:-1'|.-:-::-:'i|1|| el w=110, combined |.'-::-1r|||ruxsi-::-1| and miflammation |_.I'|'J_!:-_."" etir, =143, or sham contral {sham,
n=4}). Mechamical alledymia o the spsilateral forepaw was measured to evaluate behavioral sensitivity (e, pain} before
SUTEErY {haseline’s and ar -:1:|:; 1 afier SUTEETY, HEHE:II.ITIH-L':"C Were |.'-::-|1|]:-urL'-:] batween RTOLIPS |L~=ir|;_¢ i ru|ru:1|m]-1r|u:m1n:s ARV A
with Bonferreni. Spanal cord tssoe was harvested (rom separate groups at 1 hour (Adgf n=8; Igfehre =% and day 1 {0gf
n=3x: Jl'.llu'_."" ehr w=3 sham n=41 to BELHN PAR] and PARS mERA. Total ENA was isolated for RT-PCR analvais. PAR ] and
PAR4 mBEMA expression was quantified, nommalized by Cyvelephilin-A levels, and further nommalized to levels in normal
uncperated ralz Differences between groups were evaluated for each gene separately using a two-way ANMOVA with
Bonfermon correciion.

Results and Discussion: Both types of compression mjunes produced mechanical allodynia in the ipsilateral forepaw at day
| that was sigmifcamtly elevated (p=0000H ) over therr comespondmg bazeline responses, Yel, only the M el injury
produced allodynia that was sigmificantly (p=0.037T) elevated over sham atl that tme point. Spimal PAR ] and PARS mBERA
lewels at | hour after eather imury were unchanged from normal levels. PARS
mBEMA was also unchanged at | day afier both injunes. In contrast, PAR] =
mBEMNA was sigmificantly reduced (p=00001) at day | after a Figfoliv
cormpared to eorresponding levels at 1 hour (Figure 1 Spinal PAR] mENA
was urkchanged between tme pomnts after the Mgl ingury (Figure 13, These
findings nmply that spinal PARL 13 modulated withm 1 dav afier a pamiol
mjury and may pequare an nflammatory component for such regulation
Taken together with the allodyma responses, this change m PARL in the
spinal cord may relate o pam, The decrease in spinal PARTD iranseription
does not support reports of s merease at 1 dav afier spinal cord injury.
||-::-'.l.|.".|."r_ 1|'||." :-:]:-irl:l.| E]ialll rl.‘!.]:-ml:h_' .'|'|-'I|.‘r KI'Ii'IIHI 'L'I.In:l. 'illjlll-_l. iﬁ -:]ilTL'T\L'rI[
temparally than for this mjury [7.8].

1z O gl
1 B Higfchr

Fold dhlberenos {relalive by noimal

1 haour 1 aday

Figure 1. Spinal FAR] mRNA levels
Conclusions: Spinal PART production decreases carly (within 1 day) after | are significantly reduced at 1 day after
merveE mowl 'illjl]r_l. ik 'i||1 | l\.'l1||1|1i1|l\.'|] 'L'I1II1|1TL"D'¢Z"¢ i".l." HI'E] ir|ﬂ:1||1|1|::|-::-r:. -:.'|.|r|||r|1|||.'1|1 Iﬂgﬂfkr ‘ipﬁlﬂﬂﬂl}-

and this decrense comesponds 1o the onsed of pain. Further studies that
quantily this and other PAEs at later time poinds will help o establizh ther
relationship to and role in mamdaming pain afier neural mjury.

Aclnowledgements: Support provided by a DOD grant (W8 1WH-10-1-1002) and an Ashton Fellowship.

Beferences: [ 1] Brunnet NW, Newvin Thromb Hlemost, 20006, 323948 [2] Zho W el al. Beain Res, 2005, 1041:205-11. [3]
Vellam Vot al, Mad Pae, 2000, &:1=-17, [4] Garcan PS5 et al. Ferowet Hoverosdasiz, 2000, 103114351, [5] Nanta M. S
Newrosci, 20005, 25 10000-%. |46] Hubbard RT3 ei al. Spire, 2005, 30:14924-32. [7] Rothman SM et al. Sraimr Res, 2007,
FIR130-43. [B] Popovach PG et al. S Comip Newerad, 19501, 37744304
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Office of Regulatory Affairs Troy M. Hallman, MS, VMD, Diplomate ACLAM
TACUC Protocol Administration Director of Animal Welfare, Office of Regulatory Affairs

3624 Market Street, Science Center + Suite 3018 + Philadelphia, PA 19104 + Phone: 215-373-2540 ¢ Fax: 215-573-0438

INSTITUTIONAL ANIMAL CARE AND USE COMMITTEE (IACUC)
(Multiple Project Assurance # A3079-01)

BETH A WINKELSTEIN
1301 - Bicengineering
210'S, 33rd Street

Room 240 Skirkanich Hall
PHILA, PA 19104

10-Aug-2010

PRINCIPAL INVESTIGATOR 1 BETH A WINKELSTEIN

PROTOCOL TITLE : Salmon Thrombin as a Treatment to Attenuate Acute Pain and Promote Tissue Healing by
Modulating Local Inflammation

GRANT TITLE : Saimon Thrombin as a Treatment to Attenuate Acute Pain and Promote Tissue Healing by
Modulating Local Inflammation

SPONSQRING AGENCY : DEPARTMENT CF DEFENSE

PROTOCOL # 1 803216

Dear DR. WINKELSTEIN;

With receipt of the requested revisions for the above protocal your study now stands fully approved as of 09-Aug-2010. Work may
begin at any time. This study wifl be due for review cn ot before 09-Ang-2013, Protocols are only valid for three years from the date
of approval, Please use Ben Reports (https://galaxy.isc-sco.upenn.edu/ws/benreports) on a routine basis to check the status of your
protocols,

If notification of IACUC review is required by the funding source required, please netify our office in writing of the contact
person, agency nante, address, phone number, fax number, and email as soon as possible.

Please take note of the following information;

Personnel Training: it is the responsibility of the Principal Investigator to ensure that al persons have completed all necessary IACUC and EHRS
training prior to participating in the research described in this protocol,

Amendments*: If you wish to change any aspect of this study, such as procedures, sponsor, analgesi hetics, or the investipators, please

communicate your requested changes in writing to the Director for Regulatory Affairs. The new procedures cannot be initiated until Committee approval
has been given,

Reapproval®: 1t is the investigator’s responsibility to apply for reapproval of ongoing research annualty for pretocols invelving USDMA covered species,
or more often if required by the funding agency.

*Forms for amendments and re-approval (Form B) are avaitable from the Office of Regulatory Affairs web site [attp://www.upenn.edw/repulatoryaffairs].

Completion of Study: Please notify the Director for Regulatory Affairs as soon as the research has been completed.
Thank you for your cooperation: with the Committee.

Sincerely,

Troy Hallman, MS, VMD
Director of Animal Welfare, JACUC
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Smith JR, Rothman SM, Janmey PA, Winkelstein BA. Spinal PAR1 mRNA Levels are Regulated by
Mechanical & Chemical Cues in Painful Nerve Root Compression. ASME Summer Bioengineering
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Spinal PAR1 RNA Levels are Regulated by Mechanical & Inflammatory Cues in

n | Painful Nerve Root Compression

; Jenell R. Smith, Sarah M. Rothman, Paul A. Janmey, Bath A, Winkelstein
Ty Cepartrmant of Blenginearing, Univarsity of Fennsylvania, Fhiladalphia, P&

Results
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SALMON THROMBIN TREATMENT REDUCES PROTEASE ACTIVATED
RECEPTOR 1 EXPRESSION FOLLOWING PAINFUL NERVE ROOT INJURY

JR Smith, CL. Weisshaar, PA Janmey, BA Winkelstein

PURPOSE: Protease activated receptor 1 (PAR1) cleavage by thrombin has been shown
to both attenuate and exacerbate pain depending on the level of activation and its route of
administration. In contrast to the generally pro-inflammatory properties of mammalian
thrombin, salmon thrombin has been shown to attenuate pain after cervical nerve root
compression if given at the site of imjury. Although PARI1 is implicated in pain, few
studies have examined its expression following injury. The purpose of this work was to
define the expression of PARI1 after painful nerve root injury and to define if salmon
thrombin’s analgesic effect is related to PAR].

DESIGN: Immediately following cervical nerve root compression, salmon thrombin or
vehicle treatment was applied to the location of injury and rats were monitored for
behavioral hypersensitivity for up to 7 days after imury. PAR] protein expression was
meagured at day 1 and day 7 in both the injured nerve root and spinal cord.

POPULATION STUDIED: Male Holtzman rats (n=17, 330-440g) were used under
IACUC-approved conditions.

METHOD(S): Rats underwent a C7 nerve root compression uging a calibrated 10gf clip
for 15 minutes, immediately after that, either salmon thrombin (0.4 Usfat) or vehicle
treatment was administered at the injury site. Mechanical allodynia was measured before
injury and on each postoperative day by stimulating the ipsilateral forepaw using von
Frey filaments. Nerve root and gpinal cord was harvested on either day 1 or 7 in separate
groups, and fixed and immunolabeled for PAR1 expression.

DATA ANALYSIS: The number of paw withdrawals elicited on each day was averaged
within groups and compared using a repeated measures ANOVA with a Tukey’s test.
PARI expression was quantified in the nerve root and spinal cord as a fold increase over

levels in normal rats. Differences between groups were detected by a two-way ANOVA
with Tukey’s HSD test.

FINDINGS: Pain was significantly attenuated for rats given thrombin compared to
vehicle treated rate for all days following injury (p<0.02). Spinal PAR] expresgion was
increased over normal levels for the injured groups at both time points (p<0.01).
However, at day 1 after thrombin treatment, spinal PAR1 was not different from normal
levels and was significantly lower than the expression levels at day 7 (p=0.005). PARI1
expression in the nerve root was not different between any groups.

CONCLUSIONS: Salmon thrombin transiently blocks PAR]1 increases in the spinal cord
after painful nerve root compression and provides sustained pain reliefin the rat.

IMPLICATIONS: Increases in neural PAR] may be linked to pain from nerve root
compression and can be partially blocked by PARI1-reaction with salmon thrombin.
Future studies aim to map the functionality of PAR1 by defining which cells are
responsible for the increased expression and how this leads to pain.

FUNDING: Support provided by the Department of Defense (W81 WH-10-1-1002).
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SALMON THROMBIN TREATMENT REDUCES PROTEASE ACTIVATED

RECEPTOR 1 EXPRESSION FOLLOWING PAINFUL NERVE ROOT INJURY

S Jenell R. Smith!, Christine L. Weisshaar-2, Paul A. Janmey!3, Beth A. Winkelstein.2
Departments of 'Bioengineering, 2Neurosurgery and 3*Physiology, University of Pennsylvania, Philadelphia, PA

Background

« Chronic neck pain affects up to 70% of the adult population with a major source being
cenvical nerve rool compression.'? Rat models of nerve root compression produce
sustained hypersensitivity at least parially due to inflammation at the injury site and in
the central nervous system (CNS) 34

- Due to its anthinflammatory properties, salmon thrombin has been suggested to
aftenuate pain after cervical nerve rool compression when administered at the site of
injury. However, the mechanism through which this occurs is unknown

* Protease aclivated receptor 1 (PAR1) is the main thrombin-activated receptor and s
expressed on cells in the CNS, such as neurons and astrocyles, Its activation has a
complex role in pain initiation and maintenance 2

¢ Although PAR1 activation is implicated in pain, only a few studies

have examined the expression of this receplor after injury. The purpose of this study

was fo investigate the effect of salmon thrombin on mechanical allodynia and PAR1

expression in the nerve rool and spinal cord afler painful cervical nerve root
P ion and to ine if thrombin's ic effect is related 1o PAR1

Materials & Methods

General Procedures: Experimental procedures were approved by the University of Pennsylvania's
IACUC. Male Hoftzman rats, weighing 250-350 grams, underwent surgical procedures for a painful
cervical nerve root compression. In order 1o evaluate thrombin treatment for the compression injury
group, separate groups received either salmon thrombin (thombin, n=8) or neurcbasal media as a
vehicle control (vehicie, r=8) (Fig 1) These groups were equally subdivided for analysis of PAR1
expression in the nerve root and spinal cord on either day 1 or T after injury (n=4 each time point)

The right C7 dorsal roct was compressed for 15 manutes using
a 10gf microclip (Fig 1)*%* Treatment was administered immediately after clip removal Salmon-
derved thrombin (Sea Run Holdings, Freeport, ME) was diluted in neurcbasal media (2 units/mi) and
20y was applied directly 1o the injured nerve root immediately after clip removal 5 An equal valume of

neurobasal media alone was given as the vehicie treatment
[ thrombin
2 or vehicle cantralateral
\ _M;:{
N~ Y

ipadatmral — v | Micsocap compees

[Fig. 1. [A) Schomatic of the spinal cord, DRG and rerre roet. Putied sakman Svomee of neurctasal modis
(vervcie) was apphed to the ingured nerve oot immedately afier cip removal (B) image showing surgical exposune
{and cho compresing the CT domal ot and the location of the placerent of e trestment

m,t_vmnl annlﬂ'!: Mechanical allodynia was assessed in the groups that were survived until day
T {thromibin, cla, n=4). The number of paw withdrawals elicited by von Frey filament (2g; 4g)
stimulation on the ipsilateral forepaw was used as a quantitative measure of behavioral
hypersensavity. Allodynia was measured on day 0 befors surgery (baseine) and on post-operative
days 1, 3, 5, and 7. A repeated-measures ANOVA with a Tukey's post-hoc test compared behavioral
fesponses between groups.

Immunchistochemiatry: Cn day 1 or 7 after injury, in separate Qroups, fals were transcardialy
perfused with PBS followed by 4% paraformaldehyde. The ipsilsteral nerve root and whole spinal
cord at C7 were harvested Mormal matched un-operaled tissue (n=2 rats) was also included as a
cortrol. Nerve roots were longitudinally sectioned and the spinal cord was axially sectioned. Sections
ware immunolabeled with rabbit-anti-PAR1 (1:150, Abcam) overnight at 4°C. Sections were washed
with PBS and then with a antibody (goat antirabbit Alexa Fluor 488, 1250,
Invitrogen) for 2 hours. Tissue samples were imaged at 20 Spinal cord images were cropped to 8
standardized area that included only the dorsal horn. Likewsse, nerve root images were cropped 1o a
size that only included roct tissue

Customized densitometry code calcutated the percant of positive pixels over a defined threshold
in normal tissue for each image in order to quantify the total PART expression Data were repored as
a fold-increase in percent of positive pixeds for each group normalized 1o values in normal tssus. A
two-way ANOVA with a Tukey's post-hoc test compared PART expression betwesn fhrombin and
vehicis 3t days 1 and 7 after injury

vehicke d1

Fig. 2. Mechanical alodynia for besting with 23 and dg von Froy flamants in the ipsilataral torepaw. wehiche d7
Treomoen treated rats exhibe @ lower number of paw wihdrawals. cverall for festing with the
|20 (@=0.004) and dg rp-awsr famants compared 10 those boated with vehoe. In addition. #romiun
|reasment sigrificantly 1ed alicdymia on specific ndiidual iesting days compared to i for both
Ime wm!umluquunmum

Fig. 3. Representatve mages showing PAR umwnrmcvmlmmmmw 1(d1} and
day 7 {dT) folowing compression and beatment with frombin of vehicie Scal bar in nom apples o
.nu-mumm-mmmmmnrnmuumna.muﬂmlMmmm
levets i rormal tase

= Mechanical allodynia following nerve rool compression wilth vehicle treatment is
elevated al all time points (Fig. 2). Thrombin reatment significantly reduces the number
of paw withdrawals overall for testing with both filament strengths (p<0.01) (Fig. 2).

« Allodynia is significantly (p<0.043) reduced for throminin treatment on post-operative day
1 and day 5 for the 2g flament and on day 5 and day 7 for the 4g filament, when
compared to vehich responses (Fig. 2).

thrombin

PAR1 expression in the injured nerve rool remains at normal levels al day 1 after both
fhwombin and velicle treatment (Fig. 3). PAR1 is elevated for both groups al day 7, with
the vehicle treated group exhibiting robust labeling. although this increase is not
significant (Fig. 3)

wehlce

Spinal PAR1 expression is significantly elevated (p<0.008) over levels in normal un-

operated rats for vehicl Ireatment al days 1 and 7 and thrombin treatment at day 7 (Fig.
4). Thvombin treatment produces spinal PAR1 expression at day 1 thal is unchanged - :
from normal levels and s significantly lower (p=0.005) than expression levels in that Fig. 4. ages of PAR1 in e C7 apinal 7s 1 8nd 7 folowing rjury wah
same group at day 7 (Fig. 4). thrmibin o vefvcie reaiment 1o the nerve oot Chantification of PARY is shown in the bar gmph. Spinal PARY at
Omflﬂ@?l'hr " and at day YI‘P‘ thrombe freatment exhibts sigreficantly (Bp«0 00 elevated levels
compared i reemal expression ) AL 1 afler injury, Mromsn treatment sgnificantly g0 005}
reduces PAR levels compared o I!Iwml day 7 afier that same treatmont. Scale bar apples 1o 8l mages.
Discussion
Salmon thrombin transiently blocks increases in spinal PAR1 expression after painful nerve root in iation with pain redief in the rat (Figs. 2 & 4), The
behavioral results agree with previous findings that salmon fibrin treatment 1o the injured root is sufficient to nesve rook-induced iivity.* Findings from this study suggest

that spinal PAR1 is an early regulator of neuropathic pain and that salmon thrombin can modulate this receplor’s expression in 1he spinal cord

Spinal PAR1 expression increases early after a painful nerve rool compression and remains elevated for up 1o one week afler that painful injury, comesponding to the immediate and
susiained increase in mechanical allodynia following nerve rool injury (Figs. 2 & 4). Previous work with a painful nerve injury reported a similar increase in spinal PAR1 expression al
day T after that peripheral inury.'®

Changes in PAR1 expression were nol observed at the site of injury (Fig. 3). In contrast, increased PAR1T mRNA has been observed in the injured nerve at days 1, 4 and 7 afler partial
sciatic nerve Bgation.’’ Although the cument study did not investigate mRMA, taken together these findings sugges! that PAR1 modulation after injury likely depends on the location and
type of injury. a5 well as the time course following injury.

Salmon fibrin treatment (which includes a thrombin component) was unable 1o reduce spinal glnal acllva!iun at day 7 afler this same injury,® which imples that the increased PAR1
expression observed in this study may due in p.an tu expression by activaled spinal glal cells,” ¥ Future studies investigating the cellutar source of PAR1 after painful nerve root

compression ane needed 1o if the: in ion of PAR1 is due 10 neural or glal cells.
, this study that spinal PAR1 expression is induced earty allcr a pamlul mechanical injury 1o the cervical nerve rool. Further, salmon thrombin can transiently
block that increase which leads to of pain studies of PAR1 by the G-proteins coupled to them and the amounts of

endogenous agonists present in the CNS can provide more information about this leOeD'OfS role in neuropathic pain and would help to identify potential ihérapeutic interventions to
treat pain

(1] Haldeman et al, (2008) Spive, $8-13; [Z] Frosenan of al. {1099} Spine. 24, 86-96, [3] Hubbard ef al (200%) Spie, 30, 162432, [4] Rothman of sl (2009} J Pan 10, 50-9: [5] Weisshaar et al. (2011)  Grant support for this work provided
3 GTI0-45; [6] Garmia ef al (2010) Thomb Haemos! 403, 114552 ITYveg oL, j200K) B Wi o S4-103; [8] Vielani 2 al. (2010) Mol Pain 8, 81, [¥] Fothman ot ol (2007) by the Depariment of Deferss
Brain Res 1181, 3043 [16] Narka ot al. (00%) J Neurcsci 25, 10000-8: [11] Mickou ot al. {1908} Fur J Neurosci 10, 1580-1807; [ al (2011) 302-1 (WEB1XWH-10-1-1002).
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Syré P, Smith JR, Nicholson KJ, Welch WC, Janmey PA, Winkelstein BA. Salmon Thrombin Leads
to Decreased Spinal Cord Responsiveness in Painful Radiculopathy. 24" Annual Pan Philadelphia
Neurosurgery Conference, Philadelphia, PA, December 2012.

Radiculopathy & nerve root compression ?
Salmon thrombin leads to decreased
Neck pain affects neary 34 of the adult population

spinal cord responsiveness in painful o vtal, 5
radi CU'Opathy Ower ¥4 of those cases have persistert pain for more than 1 year

O ¢1a1, 2006, Ml 131, 2004

Peter Syre, Jenel Smith, Disc hermiation involkves a compressive component whic hinduc es
neural trauma to the nerve roots
Kristen Nicholson, William Vyelch, Aot vt S

Faul Janmey & Beth Winkelstein

v

Uniersity of Pennsylvania
Depatments of Neurosurgery & Bioengineering

Biomaterials in treating neural trauma ? Hypothesis & aim ?
* Must Salmen thrombin may avoid the potentially damaging

- Promote tissue healing pro-inflammatery effects of mammalian ceoagulation

- Restore normal neuronal functioning factors and may be suitable as an analgesic therapeutic

= Minimize inflammation & glial scarring for neural trauma.

« Fibrin AIM: Use an in vivo rat model of painful nerve root trauma to
evaluate the time course of pain and neuronal function, via
spinal cord electrophysiology, following human and salmon
+ Thrombin trf:ombm treatment i o i
- Mammalian thrombin-promotes inflammation
— Salmon thrombin-promotes neural outgrowth in vivo
and mitigates pain in animal models of radiculopathy

e La Howgsaye « 131, 1993 Ge 0ged +1 81, 2006, Lo ¢ Tal, 206 ; Ram oo M3edviae 13l 27 Secetl, 2004

Experimental design ! Electrophysiology methods !
+ Well established in vivo rat model of radiculopathy
o oo dow7 ~forepaw stimulsted by van Freyfilaments (1.4, 4,10 & 26g)
+ Measure spinal cord responses to forepaw stimuli starn 3 »
iy 3 fore pam stimulus (g :] ’ \ " \ f \ .\' \
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Modulation by thrombin T‘

I
Thank you

Department of "y
Neurosurgery
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Conclusions & next steps

« Treatment of compressed neural tissue with salmon
thrombin attenuates the behavior and spinal cord
hyperactivity that is associated with a painful
compressive injury or following treatment with
human thrombin.

« This restored neuronal signaling may account for
part of salmon thrombin's mechanism of analgesia.

« Complete further electrophysiological studies

- Define responses to injury in the deep brain
structures, such as the thalamus.

?
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Treating Pain. Cervical Spine Research Society Annual Meeting, Chicago, IL, December 2012.
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Neural repair & thrombin .F

Biomaten als approaches to treat neural trauma aim to
+ Promaote tissue healing
+ Restore normal neuronal functioning
« Minimize inflammation & ghal scaming

Fibrin initiates clotting cascade after trauma & promotes tissue
nealing

Fibrin is suitable for neural repair because
» Injectable biomaterial
» Simiar mechanical properties to nervous tissue

Mammalian thrombin activates inflammatory & potentially
neurotoxic responses in the CNS. Saimon thrombin promotes
neuronal outgrowth in vitro
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Radiculopathy & nerve root compression

Neck pain affects neany %3 of the adult population

Cow 13l 1995

Over %4 of those cases have persistent pain for more than 1 year
e etal, T4 Kl etal, 2004

Dist herniation iInvolves a compressive companent which induces

neural traum a to the nerve roots
Spbed etal, 20T

-FI

Salmon thrombin may avoid the potenbally damaging pro-
inflammatory effects of mammalan coaguiation factors and may
be sultable as an analgesic therapeutic for neural trauma

Project aims

AIM 1. Quantify and compare neural growth and Inflamm atory
responses in neuronal and mixed culture preparations in
response to human and saimon thrombin related to inlammation
and pain

AIM 2. LUse an in vivo rat model of painful nerve oot trauma to
evaluate the time course of pain, inflammation, and neuronal
function following human and salmon thrombin treatment

Methods: Aims 1& 2 1"
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Thrombin-induced inflammation in vitro
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Aim 2: Electrophysiology results
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PAR cleavage rate by thrombin
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Ongoing activities
Complete electrophysiology experiments,
Define differences in the neural recovery assodcated with pain
responses following human and salmon thrombin thrombin

treatment.

Characterize effects on i tory responses in vivo & in vitro,

o2

E

-

PAR1 kinetics:
* modified peptides
* oncells




Conclusions

Salmon thrombin exhibits unigue analgesic properties compared
to human thrombin which may be due to its

= slower activation of PAR

= reduced inflammation & macrophage infiltraion at the site
of injury

= increased nerve root repair

* possible restored neuronal sigraling in the spinal cord

T
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